Coronavirus replicase polyproteins are translated from the genomic positive-strand RNA and are proteolytically processed by three viral proteases to yield 16 mature nonstructural proteins (nsp1 to nsp16). nsp4 contains four predicted transmembrane-spanning regions (TM1, -2, -3, and -4), demonstrates characteristics of an integral membrane protein, and is thought to be essential for the formation and function of viral replication complexes on cellular membranes. To determine the requirement of nsp4 for murine hepatitis virus (MHV) infection in culture, engineered deletions and mutations in TMs and intervening soluble regions were analyzed for effects on virus recovery, growth, RNA synthesis, protein expression, and intracellular membrane modifications. In-frame partial or complete deletions of nsp4; deletions of TM1, -2, and -3; and alanine substitutions of multiple conserved, clustered, charged residues in nsp4 resulted in viruses that were nonrecoverable, viruses highly impaired in growth and RNA synthesis, and viruses that were nearly wild type in replication. The results indicate that nsp4 is required for MHV replication and that while putative TM1, -2, and -3 and specific charged residues may be essential for productive virus infection, putative TM4 and the carboxy-terminal amino acids K 398 through T 492 of nsp4 are dispensable. Together, the experiments identify important residues and regions for studies of nsp4 topology, function, and interactions.
Coronavirus nonstructural proteins (nsp) are hypothesized to function during replication complex formation and viral RNA synthesis; however, the specific functions of many nsp during virus replication remain unknown. To examine the function of these viral proteins and thus better understand the basic replication and pathogenesis strategies of coronaviruses, we use the well-established model coronavirus murine hepatitis virus (MHV). Following the entry of MHV into a cell, the 32-kb positive-strand RNA genome is translated by host cell ribosomes from open reading frame 1 (ORF1), which constitutes approximately 22 kb of the genome and encodes nsp1 to -16. ORF1, which encodes the replicase gene, is comprised of two ORFs (ORF1a and ORF1b) that are connected by a Ϫ1 ribosomal frameshift element (Fig. 1A) (2, 5, 6, 26, 29) . Translation of ORF1a or the ORF1a-ORF1b fusion results in possible 495-kDa and 803-kDa polyproteins that are processed by three virus-encoded proteases, including two papain-like protease domains (PLP1 and PLP2) in nsp3 and the cysteine protease nsp5 (3CLpro), to yield intermediate precursor products and up to 16 mature nsp (1, 2, 12, 21, 28) . nsp4 is processed at its amino terminus by PLP2, and after this initial processing event, nsp4 is detectable as a 150-kDa precursor that includes nsp4 to nsp10 ( Fig. 1A and B) (14, 17, 21, 22, 24) . 3CLpro (nsp5) mediates processing at the carboxy terminus of nsp4, releasing a mature nsp4 protein with a predicted molecular mass of 56 kDa but an apparent molecular mass of 44 kDa as detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (22, 27) . The reason for the difference observed between the predicted and apparent molecular masses of nsp4 has not yet been determined.
All nsp tested colocalize at sites of active viral RNA synthesis, referred to as replication complexes and located on virusinduced double membrane vesicles (DMVs), where they likely mediate virus genome replication and subgenomic RNA synthesis (3, 7, 14, 39) . nsp4, which is conserved across all coronaviruses, has been proposed to be involved in both the formation of DMVs in infected cells and the organization and function of virus replication complexes (14) . This prediction is based in part on evidence from studies of poliovirus and equine arteritis virus (EAV), two positive-strand RNA viruses that induce the formation of DMVs during infection. It has been demonstrated that exogenous expression of the poliovirus transmembrane replicase proteins 2BC and 3A results in the formation of DMVs that are indistinguishable from those detected during wild-type poliovirus infection (32, 37) . Additionally, the expression of EAV transmembrane replicase proteins nsp2 and nsp3 has been shown to be necessary and sufficient for the induction of DMVs identical to those seen in wild-type EAV infection (30, 34) . The latter evidence is particularly strong due to the fact that EAV, which like coronaviruses belongs to the order Nidovirales, expresses its nsp as polyproteins in a manner analogous to that of coronaviruses.
Sequence analysis of MHV ORF1a predicted regions of hydrophobicity at the carboxy terminus of nsp3 and within nsp4 and nsp6; subsequently, nsp4 and nsp6 were referred to as membrane protein 1 (MP1) and MP2, respectively (26) . Recently, bioinformatic and in vitro analyses determined that nsp3 contains four transmembrane-spanning regions (TMs) that mediate the interaction of nsp3 with membranes (23) . Equivalent studies to identify transmembrane regions responsible for mediating nsp4 or nsp6 association with membranes have not yet been reported. nsp4 has been shown to associate with the membrane fraction of infected cell lysates and to be resistant to extraction from membranes following Triton X-114 treatment, suggesting that nsp4 is an integral membrane protein (14) . Additionally, in vitro analyses showed that, whereas the expression of nsp5 alone results in an active 3CLpro enzyme, the expression of nsp5 with nsp4 and nsp6 confers a requirement for the presence of membranes for protease activity, supporting the hypothesis that nsp4 and nsp6 are integral membrane proteins important for the organization of nsp at replication complexes (27, 31) . However, in spite of an increasing understanding of various aspects of nsp4 expression and processing, no biochemical or enzymatic function has been predicted for nsp4, nor has the requirement for nsp4 in virus replication complex activity been tested.
In this study, we examined the requirement for nsp4 in MHV replication. The MHV-A59 reverse-genetics system (40) was used to generate MHV genomic RNAs with truncations, in-frame deletions, and charge-to-alanine amino acid substitutions across the nsp4 coding region. Mutant viruses were tested for their capacity to grow, synthesize viral RNA, and process the ORF1a polyprotein in cultured cells. The results demonstrate that the carboxy-terminal amino acids K 398 through T 492 of nsp4 are dispensable for virus replication in culture, allowing for replication at a level similar to that of the wild-type virus. In-frame deletions of the predicted TMs show that TM1, -2, and -3 are required for replication in culture but that TM4 is dispensable. Alanine substitution of conserved, charged residues distributed throughout the amino terminus of nsp4 defines critical residues as well as some that are dispensable for replication. Together, the results demonstrate that nsp4 is required for the rescue of infectious virus and likely contains specific regions or residues amino terminal to TM4 that are essential for virus replication. Additionally, these studies show that mutations and deletions in nsp4 result in altered virus growth, RNA synthesis, and protein processing, suggesting that nsp4 functions at several stages in the virus life cycle.
MATERIALS AND METHODS
Wild-type virus and cells. Recombinant wild-type MHV strain A59 (wild-type; GenBank accession no. AY910861 [11, 36] ) was used as the wild-type control for all experiments. Delayed brain tumor cells selected for high-level expression of the MHV receptor carcinoembryonic antigen cell adhesion molecule-1 (DBT-9) (10, 19, 40) and baby hamster kidney-21 cells expressing the MHV receptor (BHK-MHVR) (9, 10, 40) were grown in Dulbecco's modified Eagle medium (DMEM) (Gibco) supplemented with 10% heat-inactivated fetal calf serum (FCS) for all experiments. Medium for BHK-MHVR cells was supplemented with G418 (0.8 mg/ml) to maintain selection for cells expressing the MHVR.
Antisera. Rabbit polyclonal MHV nsp4 antiserum (VU158) was generated by Cocalico, Inc., using a recombinant partial nsp4 protein as an antigen. Nucleotides (nt) 9918 to 10208 (gene 1 protein amino acids [aa] 3236 to 3333; nsp4 aa 398 to 496) were amplified by reverse transcription (RT)-PCR using purified MHV-A59 genomic RNA as a template. Primer-generated restriction sites (5Ј NcoI and 3Ј XhoI) were used to subclone the PCR fragment into the pET23d bacterial expression vector (Novagen). An 11-kDa six-histidine-tagged protein was expressed in Escherichia coli BL21 cells, isolated using nickel resin chromatography according to the manufacturer's protocol, and further purified by SDS-PAGE and electroelution (Bio-Rad) as previously described (3) . All other polyclonal antisera used for biochemical experiments have previously been described. These antisera include rabbit anti-nsp2 antisera (VU153) (33) , rabbit anti-nsp3 antisera (VU164) (15) , and rabbit anti-nsp8 antisera (VU123) (4) .
Deletion and charge-to-alanine mutagenesis of nsp4. To delete portions or introduce charge-to-alanine substitutions in the nsp4 coding sequence (ORF1a nt 8721 to 10208), PCR was performed using the MHV-A59 infectious clone fragment B and C plasmids (pCR-XL-pSMART B and pCR-XL-pSMART C) as templates. Fragment B plasmid contains MHV nsp4 nt 8721 to 9555, and fragment C plasmid contains MHV nsp4 nt 9556 to 10208 (40) . Deletions were introduced into fragment B and C plasmids using the ExSite/Quick Change mutagenesis kit (Stratagene) and primers that flanked the region to be deleted. Changes to the manufacturer's protocol include the use of Pfu Turbo instead of the ExSite DNA polymerase blend and the following PCR cycle: initial denaturation at 95°C (once), denaturation at 95°C for 30 seconds, annealing at various temperatures depending on the primers for 1 min, and extension at 68°C for 1 minute per kb of the template, repeating the denaturing/annealing/extension steps for a total of 25 cycles. Primers for deletion of all or portions of the nsp4 coding sequence are detailed in Table 1 . Primers for charge-to-alanine mutagenesis within the nsp4 coding sequence are detailed in Table 2 . All ligated PCR products, which were plasmids B or C lacking nsp4 sequences, were sequenced across the MHV genome-containing regions to ensure that PCR amplification did not introduce any unintended changes into the plasmid.
Generation of MHV nsp4 mutant viruses. Viruses containing the engineered mutations within nsp4 were produced using the infectious cDNA assembly strategy for MHV-A59 described by Yount et al. (40) and modified by Denison et al. (11) . Briefly, plasmids containing the seven cDNA cassettes of the MHV genome were digested using the appropriate restriction enzymes. Gel-purified restriction The approximately 32-kb MHV genome is shown as a line, and the locations of gene 1 (ϳ22 kb) and genes 2 to 7 (ϳ9.5 kb) are indicated. Gene 1 is composed of two ORFs (arrows labeled ORF 1a and ORF 1b) connected by a Ϫ1 ribosomal frameshift element. The translation of ORF1a yields an nsp1-to-nsp11 polyprotein, shown as connected boxes with each nsp numbered. Viral proteases (PLP1, PLP2, and nsp5) are shown as gray boxes. Bent arrows show cleavage events mediated by the indicated protease. Cleavage by PLP2 at the amino terminus of nsp4 generates an nsp4-to-nsp10 precursor with an approximate molecular mass of 150 kDa. Cleavage at the carboxyl terminus of nsp4 is mediated by nsp5. The black square below nsp4 indicates the region of nsp4 that is recognized by VU158 antiserum. (B) Detection of nsp4 in MHV-infected cells using VU158 antiserum. Radiolabeled lysates were prepared from mock-infected (Mock) or wild-type-MHV-infected (WT) DBT-9 cells and immunoprecipitated with nsp4 rabbit polyclonal antiserum (158) or preimmune serum (pre) from the same rabbit. Molecular mass markers (in kilodaltons) are to the left, and arrowheads indicate the mobilities of the nsp4-to-nsp10 precursor (ϳ150 kDa) and nsp4 (44 kDa).
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MUTAGENESIS OF MHV nsp4 12555 fragments were ligated together in a total reaction volume of 50 l overnight at 16°C. Following chloroform extraction and isopropanol precipitation of ligated DNA, full-length transcripts of MHV cDNA were generated in vitro using the mMessage mMachine T7 transcription kit (Ambion) according to the manufacturer's protocol with modifications. Fifty-microliter reaction mixtures were supplemented with 7.5 l of 30 mM GTP, and transcription was performed at 40.5°C for 30 min, 37°C for 60 min, 40.5°C for 30 min, 37°C for 30 min, and 40.5°C for 30 min. In parallel, transcripts encoding the MHV N protein were generated from N cDNA. To prepare for electroporation, BHK-MHVR cells were grown to subconfluence, trypsinized, and then washed twice with phosphate-buffered saline (PBS) and resuspended in PBS at a concentration of 1 ϫ 10 7 cells/ml. From the resuspended cell solution, a 600-l aliquot of cells was added to N and MHV transcripts in a 4-mm-gap electroporation cuvette. Three pulses of 850 V at 25 F were delivered to the cuvette with a Bio-Rad Gene Pulser II electroporator. Electroporated cells were then laid over a layer of 1 ϫ 10 6 uninfected DBT-9 cells in a 75-cm 2 flask and incubated at 37°C. Virus viability was determined by cytopathic effect (CPE) (syncytium formation) in the electroporated cell culture. Progeny virus in the culture medium of electroporated cells (passage 0 [P0]) was passaged onto uninfected DBT-9 cells (P1 cells), and the virus released in the culture medium was designated P1 stock. All constructs that did not yield CPE in the first trial were analyzed two additional times, for a total of three independent trials. For each recoverable virus, RNA harvested from P1 cells was RT-PCR amplified and sequenced to confirm the retention of engineered mutations and the lack of additional mutations within the nsp4 coding sequence and the 500 nt flanking nsp4.
RT-PCR, sequencing, and plaque isolation. Total intracellular RNA was harvested from P1 cells using TRIzol (Invitrogen) according to the manufacturer's protocol and used as a template for RT-PCR. RT was performed using Superscript III reverse transcriptase (Invitrogen) and random hexamers. The nsp4 coding region was then amplified using PCR with primers complementary to nt 7896 to 7913 (sense) and nt 10344 to 10360 (antisense). The resulting amplicons were directly sequenced to confirm the retention of the engineered mutations and the absence of additional mutations within the nsp4 coding region. To isolate mutant clones for analyses, DBT-9 cells in 60-mm plates were infected with P1 stock virus and overlaid with agar. Following a 16-h incubation at 37°C, three independent plaque clones (P2C1, P2C2, and P2C3) were isolated and sequenced across the nsp4 coding region. All experiments described used P2C1 unless otherwise stated. a Nucleotides used to introduce alanine codons are underlined.
Viral growth assays.
For viral growth determination, wild-type and nsp4 mutant viruses were analyzed for replication using growth assays as previously described (11) . Briefly, DBT-9 cells were infected at a multiplicity of infection (MOI) of 0.01 PFU/cell with wild-type or nsp4 mutant viruses (P2C1 stock). Following a 30-min adsorption at room temperature, the inoculum was removed and the cells were washed three times with PBS. Cells were supplied with warm 10% FCS-DMEM and incubated at 37°C. Samples of medium were collected from 1 to 30 h postinfection (p.i.), and virus titers were determined by plaque assay as described previously (25) .
Radiolabeling of viral proteins. Confluent monolayers of DBT-9 cells in 60-mm cell culture dishes were either infected with virus at an MOI of 0.01 PFU/cell or mock infected with 10% FCS-DMEM. At 5 h p.i., the medium was replaced with 10% FCS-DMEM lacking methionine and cysteine and supplemented with 5 g/ml actinomycin D (act D). Cells were incubated from 6 to 9 h p.i. with 100 Ci/ml of [
35 S]methionine-cysteine (Translabel; ICN). At 9 h p.i., cells were lysed in 500 l of lysis buffer (150 mM sodium chloride [NaCl], 1% NP-40, 0.5% sodium deoxycholate, 50 mM Tris, pH 8.0). Lysates were then centrifuged at 3,500 ϫ g for 5 min to remove cell nuclei, and the supernatant was retained. Immunoprecipitations were performed in a final volume of 1 ml, using protein A-Sepharose beads (Sigma), 50 l of radiolabeled lysate (derived from approximately 1 ϫ 10 6 cells), and a 1:500 dilution of polyclonal antisera in lysis buffer. Following an overnight incubation at 4°C, protein-bead conjugates were pelleted by centrifugation at 12,000 ϫ g for 1 min and washed in low-salt lysis buffer (lysis buffer with 150 mM NaCl) followed by high-salt lysis buffer (lysis buffer with 1 M NaCl) and a final low-salt wash. After being rinsed, proteins were eluted by the addition of 2ϫ lithium dodecyl sulfate (LDS) buffer with 1ϫ dichloro-diphenyl-trichloroethan (NuPage; Invitrogen) to the beads, which were heated at 70°C for 10 min prior to electrophoresis. Proteins were resolved by SDS-PAGE in 4 to 12% polyacrylamide gradient Bis-Tris gels (NuPage; Invitrogen) and analyzed by fluorography. A 14 C-labeled high-molecular-weight standard (NEB) and full-range rainbow marker (RPN 800; Invitrogen) were used as molecular weight standards.
Metabolic labeling of viral RNA. DBT-9 cells were either mock infected or infected at an MOI of 0.01 PFU/cell with wild-type or nsp4 mutant viruses. Following a 30-min absorption at 37°C, virus inoculum was removed and cells were washed twice with PBS. Cells were then incubated for various times in prewarmed 10% FCS-DMEM at 37°C. At 30 min prior to the addition of the radiolabel, the medium was replaced with 10% FCS-DMEM containing act D (5 g/ml). Viral RNA was metabolically labeled in the presence of act D for 4-h intervals using 100 Ci/ml [ 3 H]uridine. To harvest viral RNA, cells were washed twice with PBS and then lysed with 500 l of lysis buffer. Lysates were centrifuged at 3,500 ϫ g to remove nuclei, and RNA in 50 l of cytoplasmic extract was precipitated using 5% trichloroacetic acid (TCA). Precipitated RNA was dried onto glass microfiber filters (Whatman) using vacuum filtration, and radioactivity was measured in a liquid scintillation counter (Beckman). Duplicate samples were collected for each virus at each time point, and duplicate TCA precipitations were performed for each sample. Measurements of total viral RNA synthesis were calculated by measuring the area under the curve using ImageJ 1.38j (http://rsb.info.nih.gov/ij).
RESULTS

Detection of nsp4 in MHV-infected cells.
To detect nsp4 (amino acid residues 2838 to 3333 in the MHV ORF1a polyprotein but renumbered 1 to 496 hereinafter for simplicity) during MHV infection, we generated a rabbit polyclonal nsp4 antiserum (VU158) directed against the carboxy terminus of nsp4 (K 398 through Q 496 ). VU158 antiserum was used to probe mock-infected and MHV-infected DBT-9 cells by immunoprecipitation (Fig. 1B) . Lysates from radiolabeled, infected cells were immunoprecipitated with VU158, and proteins were resolved by SDS-PAGE. A 44-kDa protein consistent with the apparent molecular mass of nsp4 was detected in infected cell lysates (Fig. 1B) but not in lysates from mock-infected cells with VU158 or after immunoprecipitation of lysates from infected cells with preimmune serum from the same animal (Fig.  1B) . Additionally, a protein of approximately 150 kDa, corresponding to the estimated size of an nsp4-to-nsp10 precursor product, was detected by VU158 in MHV-infected cells but not in mock-infected cells or MHV-infected cells probed with preimmune serum. These results show that nsp4 antiserum VU158 specifically recognizes nsp4 and nsp4-containing precursors in MHV-infected cells.
Bioinformatic analyses of nsp4 predicts four TMs. It has been reported that nsp4 exhibits characteristics of an integral membrane protein (14) . To predict the location of TMs within nsp4, we analyzed the amino acid sequence of MHV-A59 nsp4 for the probability of TMs using two different programs, TMHMM and TMpred, each designed to search for membrane-spanning sequences ( Fig. 2A and B) . To predict the location and orientation of TMs within proteins, TMHMM uses a hidden Markov model-based statistical analysis (35) and TMpred uses TMbase, a database of naturally occurring transmembrane proteins, to predict the statistical probability of TMs (20) . Using these different algorithms, each program predicted four TMs (TM1, -2, -3, and -4) within MHV nsp4 ( Fig. 2A and C) .
Though the overall numbers and locations of predicted TMs within nsp4 were similar for both the TMHMM and TMpred analyses, the individual predictions generated unique patterns for amino acid residues likely involved in TMs. TMHMM results showed four clear regions within nsp4 that likely span membranes (TM1, -2, -3, and -4) and also indicated a region between predicted TM3 and TM4 that exhibited enough hydrophobic character to generate a peak on the graph but not enough to cross the threshold set for membrane-spanning sequences ( Fig. 2A) . TMpred results generated two predictions, the first showing the probability of TMs if the amino terminus of the protein is cytoplasmic and the second depicting TM probability if the amino terminus of the protein is lumenal ( Fig. 2A) . Although both results from TMpred predict the same locations for TMs, the program does not predict a preferred membrane orientation for nsp4. Analysis of TMpred results suggests that more than four regions within nsp4 are potential TMs, crossing the threshold set at 0. However, TMpred results confirm TMHMM results, showing four distinct predicted TMs with amino acid residues that significantly overlap those predicted by TMHMM (Fig. 2C ) and a region between TM3 and TM4 that demonstrates high probability of TM character (Fig. 2A) . The prediction of four transmembrane regions within nsp4 would result in five flanking regions that we will refer to as soluble regions (SRa to -e) (Fig. 2C) . It is thought that transmembrane helices mediate the membrane association of nsp4, and we predict that the SRs mediate protein interactions or are involved in aspects of virus replication. Bioinformatic analyses of coronaviruses from groups 1, 2, and 3 using the same programs predicted a similar pattern of membrane-spanning regions within the nsp4 coding sequences (data not shown). Though there is limited sequence identity between the individual predicted TMs within nsp4 of different coronavirus groups, the predicted TMs are located at similar positions in the primary sequence, suggesting overall conservation of organization and function.
The carboxy terminus and TM4 of nsp4 are dispensable for MHV replication. To determine whether nsp4 is essential for virus replication, the nsp4 coding sequence was altered, resulting in in-frame deletions and truncations. Viruses lacking nsp4 were engineered either to remove nsp4 residues V 2 through Q 496 (⌬nsp4 CS3), which retains an nsp3-nsp4 cleavage site, or to remove residues K Ϫ3 through T 492 (⌬nsp4 CS4), which retains an nsp4-nsp5 cleavage site (Fig. 3A) . Other viruses were engineered to express truncated forms of nsp4 lacking either V 2 through T 101 (nsp4⌬N1), V 2 through L 150 (nsp4⌬N2), K 398 through T 492 (nsp4⌬C1), or C 343 through T 492 (nsp4⌬C2) (Fig. 3A) . All deletion constructs were designed to maintain the minimal residues proposed to be required for cleavage of nsp4 from the polyprotein by PLP2 and   FIG. 3 . Engineered nsp4 mutants. (A) nsp4 in-frame deletion mutagenesis. The top schematic shows wild-type (wt) nsp4 as a box, with its ORF1a polyprotein amino acid residue and number shown above the box and its nsp4 amino acid residue and number shown below the box. Vertical black bars depict TM1 to -4. Large, internal in-frame deletions of nsp4 amino acids (below the bent lines) are preceded by ⌬. Gray vertical bars represent deletions of TMs, with specific amino acid deletions shown below them. The plus sign indicates that infectious virus was recovered, and the minus sign indicates that there was no recovery of infectious virus after multiple attempts. (B) nsp4 charge-to-alanine (Ch-to-A) mutagenesis. The Ch-to-A schematic at the top shows where Ch-to-A substitutions were generated within nsp4. The sequence below the schematic shows nsp4 amino acid residues A1 through Q496, spaced in blocks of 10 aa. Amino acids in gray represent residues deleted from each predicted TM; TMs are underlined in gray and labeled beneath the underlines. Asterisks are shown above each residue replaced with alanine in the nsp4 Ch-to-A mutants. Individual Ch-to-A mutants are indicated by a black line under the clustered, charged residues, with the corresponding numbers below the line representing viruses VUJS11 to -18. 3CLpro (24, 27) . Viral CPE, which for MHV is the formation of syncytia, was detected at 24 h postelectroporation (p.e.) in cells electroporated with recombinant wild-type genomic RNA and at 72 h p.e. in cells electroporated with genomic RNA from the carboxy-terminal truncation mutant nsp4⌬C1.
Additionally, to determine if predicted nsp4 TM1, -2, -3, and -4 are critical for virus replication, we engineered viruses lacking individual predicted nsp4 TMs, taking into account the consensus predictions of both bioinformatic analyses (see Fig. 2C ). The engineered viruses include nsp4⌬TM1 (⌬W 9 to V 30 ), nsp4⌬TM2 (⌬S 282 to I 301 ), nsp4⌬TM3 (⌬V 313 to P 335 ), and nsp4⌬TM4 (⌬L 365 to V 384 ) (Fig. 3A) . Cells electroporated with nsp4⌬TM4 genome RNA exhibited virus-induced syncytia. In contrast, cells electroporated with nsp4⌬TM1, nsp4⌬TM2, and nsp4⌬ TM3 genome RNA did not exhibit CPE even after 14 days p.e. in three independent experiments. These results demonstrate that residues K 398 through T 492 (nsp4⌬C1) and, specifically, L 365 to V 384 (TM4) of nsp4 are dispensable for MHV replication in culture; however, deletions of putative TM1, -2, and -3 were not compatible with productive infection.
Recovery of mutant viruses containing alanine substitutions of conserved, charged residues in the amino-terminal half of MHV nsp4. It was possible that the deletion of the entire nsp4 coding sequence had unintended effects on the polyprotein or RNA secondary structure critical for replication. To test this possibility, viruses were engineered to contain charge-to-alanine substitutions across the amino-terminal region of nsp4 (Fig. 3B) . Residues selected for substitution were situated within a window of four amino acids in the primary sequence and were conserved among group 2 coronaviruses. Eight nsp4 charge-to-alanine mutant viruses were engineered (VUJS11, -12, -13, -14, -15, -16, -17, and -18) (Fig. 3B) . Cells electroporated with RNA for VUJS11, -12, -14, -16, and -18 exhibited CPE by 48 h p.e., similar to that of wild-type virus. Cells electroporated with RNA for VUJS17 first exhibited evidence of CPE at 5 days p.e. Cells electroporated with VUJS13 or VUJS15 RNA did not produce CPE or infectious virus. It has been reported that charge-to-alanine mutagenesis of viral proteins may generate temperature-sensitive mutant viruses (16, 18, 38) . nsp4 mutant viruses VUJS13 and VUJS15 could not be recovered at either 30°C or 37°C. Furthermore, no leader-containing subgenomic transcripts could be detected by RT-PCR amplification of RNA harvested from cells electroporated with constructs that did not produce infectious virus (VUJS13, VUJS15, ⌬nsp4 CS3, ⌬nsp4 CS4, nsp4⌬N1, nsp4⌬N2, and nsp4⌬C2), providing further evidence that these mutations were profoundly debilitating or lethal for viral replication (data not shown).
nsp4 mutant viruses exhibit defects in viral replication. To determine whether nsp4 mutant viruses exhibit replication defects, DBT-9 cells were infected with wild-type virus or nsp4 mutant viruses (VUJS11, -12, -14, -16, -17, and -18, nsp4⌬C1, and nsp4⌬TM4) at an MOI of 0.01 PFU per cell, samples of infected cell culture medium were taken at various times from 1 to 30 h p.i., and virus titers in each sample were determined by plaque assay (Fig. 4A and B) . The nsp4 mutant viruses, with the exception of VUJS17, exhibited viral growth kinetics similar to those of wild-type virus, with peak virus release occurring at approximately 16 h p.i. (Fig. 4B) . At this time p.i., VUJS12, -14, and -18 and nsp4⌬C1 all produced virus titers within 10-fold of wild-type virus titers (Fig. 4A and B) . VUJS11, VUJS16, and nsp4⌬TM4 exhibited a reduction in peak virus titers between 10-and 100-fold the titer of wild-type virus ( Fig. 4A and B) . VUJS17 demonstrated the greatest impairment, with a prolonged eclipse phase and an approximate 1,000-fold decrease in peak virus titers (Fig. 4A and B) . Comparison of plaque phenotypes showed that VUJS11, -12, -14, -16, and -18, nsp4⌬C1, and nsp4⌬TM4 generated plaques similar in size to those of wild-type virus but that VUJS17 exhibited a consistent pinpoint plaque phenotype (Fig. 4C and data not shown). Together, these results indicate that nsp4 mutant viruses have replication defects that range from profound impairment in growth to growth similar to that of the wild type. nsp4 mutant viruses display defects in viral RNA synthesis. To investigate whether the nsp4 mutant viruses exhibit changes in the timing or levels of viral RNA synthesis, DBT-9 cells were mock infected or infected with wild-type virus, VUJS16, VUJS17, nsp4⌬TM4, or nsp4⌬C1 at an MOI of 0.01 PFU per cell, and viral RNA was radiolabeled from 4 to 28 h p.i. for 4-hour intervals using [ 3 H]uridine in the presence of act D (Fig. 5) . RNA was precipitated using TCA, and [ 3 H]uridine incorporation was quantitated using liquid scintillation counting. Analysis of the timing of viral RNA synthesis showed that VUJS16, VUJS17, nsp4⌬TM4, and nsp4⌬C1 each exhibited a delay in reaching peak RNA levels (Fig. 5) . Wild-type virus reached peak levels of viral RNA synthesis between 8 and 12 h p.i., whereas VUJS16, VUJS17, and nsp4⌬C1 reached peak levels between 12 and 16 h p.i. nsp4⌬TM4 demonstrated a prolonged delay in exponential growth, reaching peak levels of viral RNA synthesis between 16 and 20 h p.i.
Delays in the timing of viral RNA synthesis displayed by VUJS16, VUJS17, nsp4⌬TM4, and nsp4⌬C1 were accompanied by decreases in the amount of viral RNA synthesized by each virus throughout the course of infection. For comparison, total levels of viral RNA synthesis (calculated by measuring the area under the curve) for wild-type virus represent 100% of viral RNA synthesized by MHV. No nsp4 mutant virus analyzed reached levels of RNA synthesis equivalent to that of the wild-type virus. Instead, nsp4⌬TM4 synthesized 92.0%, nsp4⌬C1 synthesized 84.6%, VUJS16 synthesized 75.8%, and VUJS17 synthesized 41.1% of wild-type levels of viral RNA (Fig. 5) . Though nsp4⌬TM4, nsp4⌬C1, and VUJS16 reached similar levels of viral RNA synthesis, the timing of maximum and total viral RNA synthesis differed between the mutant viruses. These results demonstrate that alterations of different regions or residues within nsp4 have distinct impacts on the timing and levels of viral RNA synthesis.
Mutations in nsp4 result in altered protein expression and processing. It has been shown that mutations in the ORF1a polyprotein that alter polyprotein processing also affect virus growth and RNA synthesis (8, 10, 15) . Recently, a temperature-sensitive virus with a mutation in nsp10, the protein at the carboxy terminus of the nsp4-to-nsp10 precursor, was shown to affect the processing activity of 3CLpro (nsp5) (13) . To determine if mutations in nsp4 affected ORF1a-ORF1b polyprotein processing or the activity of PLP1, PLP2, or 3CLpro (nsp5), DBT-9 cells were infected with wild-type or nsp4 mutant viruses, radiolabeled from 6 to 9 h p.i. with [ 35 S]Met/Cys, and cell lysates were immunoprecipitated with antibodies specific for nsp2, -3, -4, or -8. Antiserum specific for nsp2 (anti-nsp2) immunoprecipitated the 65-kDa nsp2 from lysates of cells infected with wild-type virus and VUJS16, VUJS17, nsp4⌬TM4, and nsp4⌬C1 but not from mock-infected cell lysates (Fig. 6B) , confirming the intact function of PLP1 in all mutant viruses tested. Immunoprecipitation using antiserum specific for nsp3 (anti-nsp3) detected both nsp3 (210-kDa) and the nsp2-3 precursor (275-kDa) in wild-type and mutant-virus-infected cell lysates but not in mock-infected cell lysates, indicating that PLP2 is active and that processing occurs by PLP2 between nsp3 and nsp4 in the mutant viruses (Fig. 6B) . Similarly, antiserum specific for nsp8 (anti-nsp8) detected the 22-kDa nsp8 protein in wild-type and mutant-virus-infected cell lysates but not in mock-infected cell lysates, demonstrating that 3CLpro (nsp5) is active and mediates processing at both the amino and carboxy termini of nsp8. Thus, these results show that PLP1, PLP2, and 3CLpro (nsp5) are functional in the VUJS16, VUJS17, nsp4⌬TM4, and nsp4⌬C1 viruses.
Although PLP1, PLP2, and 3CLpro (nsp5) appear to be active in all nsp4 mutant viruses examined, differences were observed in the patterns of detection of several viral precursor and mature replicase proteins in infected cell lysates (Fig. 6B) . The SRb mutant VUJS16 exhibited processing of nsp2, nsp3, nsp2 to nsp3 (nsp2-nsp3), nsp4, nsp4-nsp10, and nsp8 that was identical to that of wild-type virus. Interestingly, the carboxyterminal truncation mutant, nsp4⌬C1, also demonstrated wildtype processing of nsp2, nsp3, nsp2-nsp3, nsp4-nsp10, and nsp8. As expected, a 44-kDa nsp4 protein was not detected in nsp4⌬C1-infected cell lysates, as the mutant protein lacks the region of nsp4 used to generate anti-nsp4 (Fig. 1A) . The SRb point mutant VUJS17 and nsp4⌬TM4 displayed identical patterns of protein detection that differed from those of wild-type virus and the other nsp4 mutant viruses, showing immunoprecipitation of a novel protein of ϳ50 kDa by anti-nsp2, the lack of detection of a 44-kDa nsp4 protein by anti-nsp4, minimal detection of the 150-kDa nsp4-to-nsp10 precursor by antinsp8, and decreased detection of nsp8 by anti-nsp8. Because both of these mutant viruses contain the anti-nsp4 epitope, the lack of detection of nsp4 and the nsp4-to-nsp10 precursor is likely due to failure of the antibody to recognize this epitope. Both nsp3 and nsp2-nsp3 are detected in VUJS17-and nsp4⌬TM4-infected cell lysates, indicating that the amino terminus of nsp4 is also processed from the ORF1a polyprotein. Thus, the alterations in protein processing observed for VUJS17 and nsp4⌬TM4 are likely due to altered folding or processing of the nsp4-to-nsp10 precursor. Together, the re- sults indicate that removal of the carboxy terminus of nsp4 allows 3CLpro (nsp5) activity and wild-type processing of the nsp4-to-nsp10 precursor, while deletion of TM4 or the SRb mutation of VUJS17 appears to alter the processing of nsp4 to nsp10.
DISCUSSION
Prior to this study, no biochemical or enzymatic function was predicted for coronavirus nsp4, nor was the requirement for nsp4 in virus replication known. In this report, we have shown that MHV nsp4 is required for virus replication, as the nsp4 coding region cannot be deleted from the ORF1a polyprotein and allow for the recovery of infectious virus. Additionally, we demonstrated that the carboxy terminus of nsp4 (K 398 through T 492 ) is dispensable for virus replication in culture, whereas deletions of regions within nsp4 containing residues amino terminal to P 335 prevented recovery of infectious virus following multiple attempts. These results suggest that nsp4 contains regions or residues in the amino terminus of the protein that are essential for virus replication. To investigate the requirement for individual predicted TMs within nsp4, mutant viruses were generated containing internal in-frame deletions of each predicted TM (TM1, -2, -3, and -4). Results demonstrated that three of the four predicted TMs (TM1, -2, and -3) are essential for recovery of infectious virus, whereas amino acids within TM4 (L 365 through V 384 ) are dispensable for virus replication in cell culture. Furthermore, charge-to-alanine substitution of residues within the nsp4 amino terminus identified residues in nsp4 critical for virus replication (D 95 and D 97 in VUJS13 and H 186 and H 188 in VUJS15) and allowed for the recovery of several mutant viruses with altered growth and RNA synthesis. nsp4 membrane topology alterations in nsp4 mutant viruses. Bioinformatic analysis of MHV nsp4 predicts four TMs and five SRs (SRa to -e) (Fig. 2B) . It is hypothesized that the TMs mediate the tight association of nsp4 with membranes and that SRb and SRe, the two largest SRs, mediate protein-protein interactions required for virus replication. Additionally, it is thought that in order for nsp4 to be cleaved from the polyprotein, the amino terminus of the protein must be accessible by PLP2 and the carboxy terminus must be accessible by 3CLpro (nsp5). Taking these considerations into account, along with our experimental results, it is likely that the carboxyterminal amino acids K 398 through T 492 of nsp4 are not involved in critical protein-protein interactions during virus replication. Additionally, we conclude that deletion of the carboxy terminus of nsp4 does not significantly alter the function of the amino portion of the protein, as nsp4⌬C1 grows with kinetics and titers similar to those of wild-type virus. Overall, the results suggest that nsp4 contains at least two structurally and functionally distinct domains.
The capacity to remove residues within the putative TM4 in the context of a recoverable virus suggests that either these residues are not required to maintain the proper membrane topology of nsp4 or other residues compensate and span the lipid bilayer. This hypothesis is supported by the bioinformatic prediction that residues between predicted TM3 and TM4 have a high membrane-spanning probability ( Fig. 2A) . To determine whether other residues might be predicted to compensate for TM4 in nsp4 of nsp4⌬TM4, we analyzed the protein by both the TMHMM and TMpred programs (data not shown). Interestingly, a fourth peak of transmembrane potential is still predicted across the newly juxtaposed residues flanking the deletion of TM4. Though this peak does not cross the thresh- old of either program to classify a region as membrane-spanning, it does reach up to 75% of the threshold value. Thus, it is possible that juxtaposition of the amino acids flanking those deleted from nsp4⌬TM4 may result in a transmembrane region capable of maintaining interactions with host membranes. This possibility could account for the viability of these mutant viruses in the absence of TM4. The altered topology of nsp4 in the mutant virus nsp4⌬TM4 has implications not only for nsp4 but also for other nsp downstream of nsp4. It is unknown whether nsp4 insertion in membranes occurs co-or posttranslationally. Because nsp4 is part of a 150-kDa precursor product, nsp4-nsp10, alterations in the membrane topology of nsp4, determining which part of the protein is cytosolic and which part is lumenal, would result in the altered orientation of nsp5 to -10. This change could position the viral proteinase 3CLpro (nsp5) on the opposite side of the membrane relative to its wild-type orientation, affecting both viral protein processing and replication. We did not observe a dramatic decrease in the viral growth of the mutant virus nsp4⌬TM4, suggesting that the basic topology of nsp4 was maintained by amino acids flanking TM4. However, although nsp4⌬TM4 grew with kinetics similar to those of wildtype virus, maximum viral RNA synthesis was delayed longer than any of the other mutant viruses tested, indicating that the deletion of TM4 did alter nsp4 contributions to replication. This change in viral RNA synthesis was associated with a change in the pattern of replicase protein processing, with decreased detection of nsp4, nsp4-nsp10, and nsp8, suggesting that the deletion of TM4 disrupts the normal processing of the nsp4-to-nsp10 precursor. Together, these results raise the possibility that appropriate processing of the nsp4-to-nsp10 precursor serves a role in the timing of viral RNA synthesis. nsp4 SRb during virus replication. Mutations in SRb of nsp4 produced mutant viruses with dramatically impaired phenotypes, ranging from viruses that could not be recovered (VUJS13 and VUJS15) to viruses with significant reductions in viral yield and RNA synthesis (VUJS16 and VUJS17). These data support the hypothesis that SRb consists of a functional domain of nsp4 likely involved in protein-protein or protein-RNA interactions. It is possible that the alanine substitutions made within nsp4 of VUJS13 and VUJS15 abolished key protein interactions required for virus replication or altered the structure of nsp4 so that it could no longer accomplish a key function. Alanine substitutions within nsp4 of VUJS16 resulted in the recovery of a mutant virus with slightly decreased growth titers compared to those of wild-type virus and delayed viral RNA synthesis levels that almost reached wild-type levels. These same defects in virus replication were not observed for VUJS17. Instead, VUJS17 exhibited an approximately 1,000-fold decrease in virus yield and a delay in viral RNA synthesis levels that reached only approximately half the synthesis levels of wild-type virus. It was expected that, because the clustered, charged residues targeted for alanine substitution in VUJS16 and VUJS17 were close in proximity in the primary sequence of nsp4, the mutant viruses recovered would have similar phenotypes. It is likely that the differences observed between the two mutant viruses are due to changes in the overall structure of the protein necessary to mediate the function of the SRb domain. Thus, substitutions in VUJS17 likely altered the structure of nsp4 more significantly than substitutions in VUJS16, thereby reducing or inhibiting protein interactions to a greater extent. This conclusion is also supported by our protein processing data (Fig. 6B) , in which VUJS16 replicase protein expression was indistinguishable from that in wild-type virus, while VUJS17 displayed decreased expression of nsp4, nsp4-nsp10, and nsp8, similar to that of nsp⌬TM4.
The experiments in this study represent an in-depth genetic analysis of MHV nsp4, a previously unexplored component of the coronavirus replicase. We have demonstrated a critical requirement for nsp4 in virus replication and have shown that mutations and deletions in nsp4 alter the kinetics and peak growth of MHV, the timing and extent of viral RNA synthesis, and likely the processing of the nsp4-to-nsp10 precursor. Because nsp4 is known to have integral membrane characteristics but no predicted direct enzymatic functions, it is reasonable to propose that its involvement in viral RNA synthesis is via functions in membrane modification, replication complex formation, and protein interactions. While it remains possible that nsp4 may serve a direct role in viral RNA synthesis, we favor the hypothesis that the deletions and mutations in nsp4 ultimately disrupt the optimal formation and function of MHV replication complexes via altered membrane association, protein interactions, or replicase protein processing. The panel of mutant viruses generated in this study will provide powerful tools to further define the precise mechanisms of nsp4 function during coronavirus replication.
